We measured potential rates of bacterial dissimilatory reduction of 75SeO42-to 75Se0 in a diversity of sediment types, with salinities ranging from freshwater (salinity = 1 g/liter) to hypersaline (salinity = 320 g/liter and with pH values ranging from 7.1 to 9.8. Significant biological selenate reduction occurred in all samples with salinities from 1 to 250 g/liter but not in samples with a salinity of 320 g/liter. Potential selenate reduction rates (25 nmol of Se042 per ml of sediment added with isotope) ranged from 0.07 to 22 ,umol of Se042-reduced liter-' h-'. Activity followed Michaelis-Menten kinetics in relation to Se042-concentration (Km of selenate = 7.9 to 720 ,uM). There was no linear correlation between potential rates of Se042-reduction and salinity, pH, concentrations of total Se, porosity, or organic carbon in the sediments. However, potential selenate reduction was correlated with apparent Km for selenate and with potential rates of denitrification (r = 0.92 and 0.81, respectively). N03-, N02-, MoO42-, and Wo42-inhibited selenate reduction activity to different extents in sediments from both Hunter Drain and Massie Slough, Nev. Sulfate partially inhibited activity in sediment from freshwater (salinity = 1 g/liter) Massie Slough samples but not from the saline (salinity = 60 g/liter) Hunter Drain samples. We conclude that dissimilatory selenate reduction in sediments is widespread in nature. In addition, in situ selenate reduction is a first-order reaction, because the ambient concentrations of selenium oxyanions in the sediments were orders of magnitude less than their Kms.
The presence of toxic selenium oxyanions in agricultural wastewaters which drain from seleniferous soils is widespread in the western United States and poses serious environmental problems (23) . Lethal and teratogenic effects in waterfowl have been caused by these oxyanions (9, 15) , possibly through biomagnification of environmental sources of selenium (13) .
Dissimilatory reduction of selenate (DSeR), primarily to elemental selenium, occurs in anaerobic sediments (17, 18a) ; cultures of DSeR bacteria have been isolated from estuarine sediments (17) and from bioreactors (14) . Although in situ rates of DSeR were measured in a selenium-impacted evaporation pond (18a), little is known about the general occurrence of this activity in nature. Herein we report that DSeR is a widespread phenomenon in sediments. We achieved this by making measurements of potential DSeR in which we injected a known quantity of unlabeled selenate along with radioisotopically labeled 75SeO42-. This allowed us to make direct comparisons among sediment types without having to perform the tedious analyses for ambient concentrations of SeO42-and SeO32-. Measurement of potential DSeR is therefore analogous to denitrification potential, in which NO3 is added to samples to elicit N20 production in the C2H2-block assay (for example, see reference 11) .
Although selenium and sulfur are proximate group VIA elements, reduction of selenate and sulfate proceed by different biochemical pathways and are spatially segregated in nature: selenate reduction occurs in surficial sediments, while dissimilatory sulfate reduction occurs at greater depths (17, 18a, 27) . On the other hand, denitrification is also localized in surficial sediments and is often nitrate limited (19) . Nitrate, a common solute in agricultural waters, inhibits respiratory selenate reduction in sediments (17) , which * Corresponding author.
implies that in nature denitrification and selenate reduction may proceed by similar mechanisms, with the former inhibiting the latter.
Here we report rates of potential DSeR in several environments, widely ranging in salinity and pH, including several which do not receive selenium-rich agricultural drainage. Our results indicate that a capacity for microbial selenate reduction is a common feature of a diversity of surficial sediment types in nature. Potential DSeR did not correlate with a variety of chemical factors (salinity, pH, or organic carbon) but was related to bacterial activity expressed as potential denitrification. Furthermore, the expression of potential selenate reduction activity in sediments appears to be limited by the concentration of selenate in a manner that displays Michaelis-Menten kinetics. The extent to which the presence of other group VI oxyanions or nitrate may inhibit selenate reduction appears to vary in different milieus.
MATERIALS AND METHODS
Sites, sampling, and chemical determinations. Surficial sediments (upper 5 to 10 cm) were collected from the following sites near Stillwater and Fallon, Nev. (10, 23) , from 8 to 10 August 1989: Hunter Drain and Massie Slough, both agricultural drains; the littoral and pelagic zones of Big Soda Lake (5); the littoral zone of Lead Lake; a pond next to U.S. Route 50 near Fallon, which characteristically contains brine, and which we have designated roadside salina. Sediments were obtained from 11 to 13 August 1989 from two lakes in eastern California, i.e., Mono Lake (pelagic [18] ) and June Lake (littoral). Surficial sediments were also taken 27 September 1989 from Searsville Lake (Stanford, Calif. [21] ) and from two locations of San Francisco Bay, i.e., an intertidal mudflat (6) The salinities (range = 1 to 320 g/liter) and pH (range = 7.1 to 9.7) of the overlying waters were measured at each site. The total selenium content of the sediments was determined by hydride generation atomic absorption spectrometry after wet acid digestion of samples (7) . This method quantifies the total atomic selenium without distinguishing between species [i.e., SeO42-, SeO32-, Se°(s), S2-, and organoselenium compounds].
Selenium oxyanion concentrations in interstitial waters were determined by flow-through hydride generation atomic absorption spectrometry (3, 20, 24) . Interstitial waters were extracted from sediment cores by use of an N2-pressurized squeezer as previously described (17) . No pretreatment was used for Se(IV), but samples were required to be diluted at least 12- Acid extraction of sediments was done to determine whether hydrogen selenide was a significant product of selenate reduction (27) . Massie Slough, Hunter Drain, and Lead Lake sediment subcores were injected with Na75SeO4 (0.06 p,Ci/100-,ul injection) and incubated at 25°C. After sufficient time for reduction of all added 75SeO42-(4 h), the subcores were extruded into serum vials and crimp sealed with butyl rubber stoppers (total sealed volume = 70.7 ml). The sediment was suspended in 10% (vol/vol) HCI (3 ml), and after 5 min a 10-ml sample of the gas volume was withdrawn with a CQlaspak syringe and injected into another crimp-sealed serum vial (total sealed volume = 13.6 ml), displacing an equal volume of water from the vial. Gamma radiation in the smaller vial was quantified as described above.
RESULTS
Sediment characteristics. Chemical and physical characteristics of sediments from 11 chemically diverse sites are given in Table 1 . Salinities ranged from 1 to 320 g/liter, and pH ranged from 7.1 to 9.8. The organic carbon content of the sediments ranged from 0.3 to 10.0% (dry weight), and porosities were from 25 to 89%. The total selenium content varied from 1 to 140 ,umol of selenium per kg (dry sediment) ( Table 2 ). None of the sites had detectable concentrations of selenate in the overlying water or interstitial water at the time of sampling, but selenite was present in interstitial waters of the upper 4 cm of Massie Slough (11 nM), Hunter Drain (144 nM), and Lead Lake (55 nM) sediments.
Rates of selenate reduction potential. Potential DSeRs occurred without any obvious time lags (Fig. 1) . Rates of selenate reduction potential, as represented by the accumulation of 75Se0(s) in the sediments, were significant and reduction potential in sediments from Hunter Drain and Massie Slough were compared ( nitrate and nitrite each inhibited activity by about 71%. Tungstate and molybdate inhibited by 39 and 53%, respectively.
Extractions. Radiolabel was not detected in the gas phases of acidified subcores after selenate reduction occurred in Massie Slough, Big Soda Lake (littoral), Hunter Drain, and Lead Lake sediments, indicating that reduction to H2Se did not occur. However, 75Se0(s) was extracted into CS2 from sediment pellets of Massie Slough, Big Soda Lake (littoral), and Hunter Drain (Fig. 4) . At the final time points, incorporation of 75Se into all the sediment pellets had reached a maximum, increasing in the washed pellets from approximately 5,200 dpm at the start of the experiment to about 52,000 dpm at its end (e.g., see Fig. 5A ). All of the time zero extractions had a large proportion (25 to 38%) of watersoluble counts (Fig. 4) . After selenate reduction, only 1 to 3% of total counts was extracted by water, while counts in the CS2 fractions doubled (to 42% from 21% and to 36% from 19% for Massie Slough and Hunter Drain sediments, respectively). Big Soda Lake sediment had a large fraction (75%) residual in CS2-extracted pellets (Fig. 4B) , possibly indicating the formation of crystalline Se°(s) (17 Fig.  4 ). DISCUSSION Sediments from 10 diverse environments showed a measurable capacity for selenate reduction in the presence of selenate at 25 nmol/ml of sediment. Several of these active sites do not receive agricultural drainage, including Searsville Lake, June Lake, Mono Lake, and the San Francisco Bay. None of the sites had detectable concentrations of selenate in the overlying or pore waters at the time of sampling in August 1989. Therefore, determinations of total selenium represent primarily Se°(s) plus the small amount of selenite present in the Massie Slough, Hunter Drain, and Lead Lake sites. (Organoselenium compounds are generally only a minor component of porewaters from those three sites [T. Presser, personal communication] .) Selenate reduction in the sediments displayed MichaelisMenten saturation kinetics ( Fig. 3; Table 2 ), and autoclaved sediments were inactive (Fig. 1) . These results are consistent with a microbiological origin for selenate reduction potential. DSeR to Seo(s) through a selenite intermediate is performed by certain anaerobic bacteria (14, 17) . The results of the acid and CS2 pellet extraction experiments confirmed earlier evidence (18a) that the product of selenate reduction in sediments was Se°(s) rather than H2Se (Fig. 4 and 5 ).
Either the red amorphous (CS2-soluble) form or the black crystalline (CS2-insoluble) form of Se°(s) may be produced by DSeR (17) , and the latter would account for the results observed with Big Soda Lake sediment (Fig. 4B) . It is possible that the selenate-reducing capacities of the various sediment types resulted from the combined activities of a number of distinct microorganisms, acting in parallel or sequentially (i.e., consortia of selenate and selenite reducers) (14) . There was a correlation between denitrification potential and potential DSeR (Fig. 2) . This, together with reports of denitrification by selenate reducing isolates (14, 17) and the inhibitory effect of 20 pLmol of nitrate or nitrite per ml of sediment on selenate reduction (see below), may mean that denitrifiers were responsible for DSeR activity in the sediments. Dissolved nitrate concentrations in interstitial waters from Massie Slough, Lead Lake, and Hunter Drain ranged from 14 to 600 ,uM (unpublished data), and ambient nitrate in San Francisco Bay waters has been reported to be 4.6 to 89 ,uM (19) . Since a time lag was not required for induction of potential DSeR, ambient nitrate concentrations did not preclude DSeR activity. Co-occurrence of DSeR with denitrification at nitrate-plus-nitrite concentrations of 0.4 mM has been observed in evaporation pond sediments with concentrations of selenium oxyanions of 0.6 F.M (18a) .
The apparent Km values for selenate (Table 2) , determined for six of the sites, were orders of magnitude higher than ambient concentrations of selenium oxyanions. Measured concentrations of selenium oxyanions in the surface waters and interstitial waters of the upper 5 cm of sediments from sites in the Stillwater area have ranged from beneath detectability (<13 nM [10] ) to as high as 500 nM (e.g., Hunter Drain in March 1990; unpublished data), while apparent Kms were 7.9 to 720 ,uM ( Inhibition of DSeR by molybdate in sediments from both Hunter Drain and Massie Slough was in contrast to the results reported for San Francisco Bay sediment slurries, but significant inhibition by tungstate was consistent with earlier work (17) . The group VI oxyanions, molybdate and tungstate, inhibit sulfate respiration but not exclusively (16) . Although tungstate interferes with the activity of various molybdoenzymes, including dimethyl sulfoxide reductase of Escherichia coli (2) and nitrate reductases (22) , the fact that molybdate also significantly inhibited selenate reduction implies that DSeR was not catalyzed by a molybdoenzyme.
Evidence for the role of divergent metabolic pathways in selenate immobilization comes from the inhibition results. Selenate reduction in sediment slurries from San Francisco Bay was independent of sulfate reduction pathways (17 56, 1990 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from reducing bacteria to total selenate reduction potential, or it could just be the result of a lag as was observed by Oremland et al. (17) . Desulfovibrio desulfuricans reduced nanomolar concentrations of selenate to selenide when the concentration of sulfate was below 50 mM (27) . However, 1 mM selenate irreversibly inhibited both selenate and sulfate dissimilatory reductions by this microorganism (27) . In contrast, Massie Slough sediment showed vigorous reduction of 2 mM selenate (Fig. 3) and no production of H275Se, making the involvement of sulfate-reducing bacteria unlikely.
A capacity for DSeR in sediments appears to be a widespread phenomenon, and the process is essentially consistent with previously detailed observations of San Francisco Bay sediment (17, 18a) . The apparent Kms for selenate, which were observed in several sediment types, indicate that DSeR is first order with respect to ambient selenium oxyanion concentrations and that the potential for DSeR is unlikely to be overwhelmed by ambient concentrations. We have observed in situ selenate turnover times as rapid as 0.55 h (Massie Slough) (R. S. Oremland, N. A. Steinberg, T. S. Presser, and L. G. Miller, unpublished data).
We can only speculate as to the function of DSeR in such a diversity of environments, including those where selenium oxyanions are not normally present. Although the reduction of selenate to Seo(s) coupled with the oxidation of organic carbon is highly exergonic (17) , the maintenance of constitutive DSeR capacity for the generation of metabolic energy would not seem to be advantageous in environments generally unaffected by selenium oxyanions. However, as a detoxification mechanism against transient low-level selenate concentrations, DSeR may be useful. Alternatively, DSeR potential could conceivably be the result of microbial enzyme systems with other functions but with broad substrate specificity, much like dimethyl sulfoxide reductase in E. coli (25) .
